In the present study, the DPPH and ABTS + radical scavenging activity of eight types of apples decreased (P < 0.05) during the 70-day storage at 4˚C. The Fushi (F2) apples from Xin Jiang showed the highest radical scavenging activity. For in vivo study, 40 male Kunming mice (body weight 20-25 g) were selected and randomly assigned to four groups (10 mice per group). The F2 groups (F2S, F2 + sterile saline and F2L, F2 + lipopolysaccharide) were administered with 0.3 mL F2 filtrate via gastric intubation daily for 28 days. The control groups (CS, CON + sterile saline and CL, CON + lipopolysaccharide) were treated with sterile saline at the same volume. At day 29, mice of F2L and CL groups were injected with 100 μg/kg body weight of lipopolysaccharide (LPS) intraperitoneally, while those of F2S and CS groups were injected equal volume of sterile saline. In comparison to the CS group, the CL group showed a decrease (P < 0.05) in serum, liver, and hepatic mitochondrial antioxidant capacity, reduction (P < 0.05) in the expression of hepatic antioxidant-related genes, and an increase (P < 0.05) in serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), malondialdehyde (MDA), protein carbonyl (PC), and reactive oxygen species (ROS). In comparison to the CL group, the F2L group showed lower (P < 0.05) levels of serum ALT, AST, and ROS, higher (P < 0.05) level of serum, liver, and hepatic mitochondrial antioxidant capacity, increased mitochondrial membrane potential (MMP), and enhanced (P < 0.05) expression of hepatic antioxidant-related genes. These results suggest that F2 may exert protective effect against LPS-induced oxidative damage by improving the antioxidant capacity.
Introduction
Lipid peroxidation may contribute to the development of oxygen radical-related injury and is one of the important causes of cell membrane damages [1] . Oxidative damage is induced upon disturbance of the balance between the antioxidant system and free radical generation system, leading to several diseases. Previous studies have associated excessive free radicals with neuronal disorders [2] . Lipopolysaccharide (LPS), a cell wall component of gram-negative bacteria, causes severe inflammation, septic shock, and systemic inflammatory response syndrome [3] .
Oxidative damage induced by LPS injection results in the overproduction of free radicals, including reactive-oxygen species (ROS) [4] . LPS has been suggested to be very useful for the study of oxidative damage in laboratory animals [5, 6] , which was thought to induce the hepatic damage [7, 8] .
Fruit consumption is important to maintain health and may reduce the risk of diseases. Most fruits contain necessary nutrients, fiber, antioxidants, phytochemicals, and other bioactive compounds. The antioxidant present in fruits mitigates the consequences of oxidative damage associated with chronic disease development and ageing [9] . Apple, one of the most frequently consumed fruit, is famous for its high contents of beneficial compounds such fiber, minerals, antioxidants, and other biologically active molecules [10] . The antioxidant activity of a fruit is related to their antioxidant enzymes structures, which is influenced by many factors, including genetic factors, storage time, and packaging method [11] [12] [13] . Previous studies have shown that dietary antioxidants exhibited beneficial effects and improved the quality of life by counteracting the overproduced free radicals. Antioxidant enzymes or natural products may suppress the oxidative damage through their antioxidative function. This study was designed to evaluate the free radicals scavenging capacity of eight different types of apples in vitro and evaluate their effects on the LPS-induced oxidative damage in mice.
Materials and methods

Apples
Around 30 kg of apples were collected from each of the eight varieties, including Liao Ning (Guoguang, G), Qiaonajin (Q), Shan Dong (Hongfushi, H1), Shan Xi (Podingqinguan, P), Gan Su (Huaniu, H2), Fushi (F1), He Bei (Wanglin, W), and Xin Jiang (Fushi, F2), from China in 2016 and stored at 4˚C in the dark until subsequent analysis. Apples were collected from the same plants and used for the preparation of juices during the 70-day storage at 4˚C.
Apple samples were taken every 14 days during the 70 days of storage at 4˚C and the samples were cut into six pieces using a sharp knife. The operation was performed for 2 min under water by limiting oxygen diffusion to prevent enzymatic browning. The samples were diluted with sterile saline (1:9, v/v) and blended at 10,000 rpm for 1 min using a homogenizer. The homogenized samples were centrifuged at 2,800 × g for 15 min at 4˚C and the supernatants used to analyze the in vitro antioxidant activity.
DPPH assay
DPPH assay was performed according to the standard protocol [14] . DPPH was mixed with ethanol to obtain a 0.1 mM solution and stored in dark. Sample supernatants were mixed with the reagent and shaken vigorously. The solution was incubated in dark at 24˚C for 30 min before measuring the absorbance at 517 nm wavelength with a spectrophotometer. DPPH radical scavenging activity was calculated using the following equation: DPPH radical scavenging activity ð%Þ ¼ ðA control À A sample Þ=A control Â 100% where A control was the absorbance of the control and A sample was the absorbance of the sample under same conditions.
ABTS + assay
We employed the method described by Siddhuraju et al. [15] 
In vivo experimental design
For the in vivo study, F2 was diluted with sterile saline (1:9, v/v) and blended at 10,000 rpm for 1 min using homogenizer. The homogenized samples were centrifuged at 4,000 rpm for 15 min at 4˚C and the supernatant was used for further study. The in vivo study was performed using 40 male Kunming mice (body weight [BW] 20-25 g) randomly assigned to four groups (10 mice per group). F2 groups (F2S, F2L) were administered with the F2 supernatant via gastric intubation at a dose of 0.3 mL twice daily for 28 days. The control groups (CS, CL) were treated with sterile saline at the same volume. All mice were fed with common basal diet and no mortality was reported during the intubation. LPS (Escherichia coli 0111:B4, purchased from Sigma, USA) was prepared in 0.9% sterile saline. At 29 day, mice of F2L and CL groups were administered with 100 μg/kg BW of LPS intraperitoneally, while mice of F2S and CS groups were administered with 100 μg/kg BW of 0.9% sterile saline.
Housing of animals
Four groups of mice were raised under controlled conditions with 25 ± 3˚C temperature, 60 ± 10% humidity, and a 12/12 light-dark cycle. Mice were provided water and diet ad libitum. The experiment was approved and conducted under the supervision of Animal Care and Use Committee, Shenyang Agricultural University, Liaoning, People's Republic of China. Progressive deterioration of the animals' health leading to death was not allowed. Humane endpoints were set to decide the time to sacrifice mice and were as follows: body temperature and physical activity are significantly worse than those of active mice in a few hours, mice show no response to intermittent stimulation thrice in 30 min, or the respiratory rate of mice is rapid or slow. The workers monitored the health of each mouse every 6 h and strictly performed the rules of humane endpoints. At day 29 of raising, all mice were anesthetized by intraperitoneal injection of 100 mg/kg pentobarbital (Sigma, USA) and sacrificed under the condition of limb paralysis or unable to right themselves in 15 s when placed on their side.
Determination of serum alanine transaminase (ALT) and aspartate transaminase (AST)
All mice were anesthetized and slaughtered 24 h after LPS injection. Blood was obtained from the sacrificed animals and centrifuged at 3,500 rpm for 15 min at 4˚C. The levels of serum alanine aminotransferase (ALT, No. C009) and serum aspartate aminotransferase (AST, No. C010) were determined from triplicate samples using commercial diagnostic kits (Nanjing Jiancheng Institute of Bioengineering, Jiangsu, China).
Determination of antioxidant system
Mice livers (1 g) were homogenized at 8,000 rpm for 10 s in 9 mL of 0.9% sodium chloride buffer on ice and centrifuged at 4,000 rpm at 4˚C for 15 min. The blood samples were centrifuged at 3,500 rpm at 4˚C for 15 min. Liver supernatants and serum samples were individually used to measure the activity of superoxide dismutase (SOD, No. A001), glutathione peroxidase (GSH-Px, No. A005), total antioxidant capacity (T-AOC, No. A007), and malondialdehyde (MDA, No. A003) in triplicates using the corresponding diagnostic kits (Nanjing Jiancheng Institute of Bioengineering, Jiangsu, China).
Isolation of mice liver mitochondria
Hepatic mitochondria were prepared according to the method described by Tang [16] . Briefly, mice livers were homogenized in ice-chilled Dounce homogenizers (1:10, w/v) using an isolation buffer containing 10 mM MOPS pH 7.4, 250 mM sucrose, 5 mM KH 2 PO 4 , 2 mM MgCl 2 , 1 mM EGTA, and 0.1% fatty acid-free bovine serum albumin, followed by centrifugation at 1,000 × g for 5 min at 4˚C. The supernatant was dispensed and the pellet resuspended and washed with the isolation buffer, followed by centrifugation at 12,000 ×g for 5 min. Mitochondria were lysed and the proteins measured using the Micro bicinchoninic acid (BCA, No. A045-3) protein assay kit (Nanjing Jiancheng Institute of Bioengineering, Jiangsu, China) according to the manufacturers' instructions.
Detection of mitochondrial antioxidant system
The activities of manganese superoxide dismutase (MnSOD, No. A001-2), glutathione (GSH, No. A005), GSH-Px, and MDA in mice liver mitochondria were measured in triplicates using the corresponding diagnostic kits (Nanjing Jiancheng Institute of Bioengineering, Jiangsu, China).
Measurement of ROS and protein oxidation
The ROS level in mice livers was detected in triplicates using an ROS assay kit (Nanjing Jiancheng Institute of Bioengineering, Jiangsu, China) according to the manufacturer's instructions. Results were expressed as the mean DCFH-DA fluorescence intensity of the sample over that of the control. Protein oxidation for mice liver mitochondria was calculated using the concentration of protein carbonyl (PC). The PC concentration was measured using a previously described method [17] and presented in nmol/mg protein.
Measurement of mitochondrial membrane potential (MMP)
The changes in MMP level in mice livers was detected in triplicates using the MMP assay kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction (PCR)
Total RNA obtained from mice livers using Trizol Reagent (TaKaRa, Dalian, China) was reverse transcribed using a commercial kit (Perfect Real Time, SYBR [18] , with β-actin gene as an internal standard. The primer sequences used are given in Table 1 .
Statistical analysis
All data were subjected to one-way analysis of variance (ANOVA) using the GLM procedure of the Statistical Analysis System (SAS Institute Inc., Cary, NC). When the F test was significant, means were compared using one-factor ANOVA and Bonferroni's multiple comparison test. Differences between the treatment groups were considered significant at P < 0.05. Results are presented as mean ± standard error of the mean (SEM).
Results
The DPPH and ABTS + radical scavenging activity decreased during the 70-day storage at 4˚C.
Of the eight apple varieties, F2 apples from Xin Jiang showed the highest (P < 0.05, Fig 1) radical scavenging activity during storage. In comparison to mice in the CL group, those in the F2L group had lower serum ALT and AST levels (P < 0.05, Table 2 ).
In comparison to the CL group, the F2L group showed an increase (P < 0.05) in the serum, liver, and hepatic mitochondrial antioxidant enzyme activity and a decrease in MDA concentrations (P < 0.05, Figs 2 and 3 ). In addition, the F2L group showed lower ROS and PC concentrations (P < 0.05) and a higher MMP level (P < 0.05, Fig 3) as compared with the CL group.
The expression levels of Nrf2, HO-1, MnSOD, GSH-Px, Sirt1, and Sirt3 were higher (P < 0.05) in the F2L group than the CL group (Fig 4) .
Discussion
Oxidative damage plays an important role during storage of fruits at low or freezing temperatures and may reduce the quality of fruits. Fruits exhibit an array of antioxidant system to 
ATCCCCTAGCTGGACCACAT 1 nuclear factor erythroid 2-related factor 2 (Nrf2); heme oxygenase 1 (HO-1); manganese superoxide dismutase (MnSOD); glutathione peroxidase (GSH-Px); NAD(P)H quinone oxidoreductase 1 (NQO1); sirtuin 1 (Sirt1); sirtuin 3 (Sirt3). 2 Shown as forward primer followed by reverse primer.
overcome the oxidative damage. The radical scavenging activity of DPPH is a standard and easy colorimetric method that has been widely used to calculate the inhibition capacity of free radicals and is based on rapid color changes [19, 20] . DPPH measures the efficiency of antioxidants to avoid deterioration of molecules from heat. The structural conformation of the antioxidant determines its mechanical interaction with DPPH [21] . The radical scavenging activity may be influenced by several factors. Hence, ABTS + radical scavenging activity is an alternative assay for the evaluation of the total antioxidant activity of a compound [22] . ABTS + generates a metastable radical with a blue-green color upon oxidation [23] . In the current study, the free radical scavenging activity of eight apples decreased during the 70-day storage at 4˚C. Apples from the F2 variety showed the highest free radical scavenging capacity. Agreement with our results, it was reported that some apples exerted strong free radical scavenging capacity [24, 25] . Although the values of DPPH and ABTS + assays were similar, we suggest that the F2 filtrate reacted more actively with the ABTS + solution than the DPPH solution.
The levels of ALT and AST in mitochondria and cytoplasm are associated with cell damage and rupture. Hepatic damage is often accompanied with an increase in levels of serum ALT and AST, which are considered as toxicity markers [26] . In the present study, treatment with F2 filtrate could improve the level of serum ALT and AST in mice. These results are in line with a previous study, wherein dietary antioxidants effectively reduced CCl 4 -induced oxidative Fig 1. The DPPH (Fig 1A) and ABTS + (Fig 1B) In vitro antioxidant capacity of apple and its effects on lipopolysaccharide-induced oxidative damage in mice PLOS ONE | https://doi.org/10.1371/journal.pone.0191762 January 25, 2018damage and decreased serum ALT level [27] . In addition, administration of an anti-lipid peroxidation molecule was shown to improve serum ALT and AST levels [28] . Dietary natural antioxidants are gaining popularity, owing to their capacities to protect against several diseases. Fruits are the richest source of antioxidants in human diet. Of these, apple is known not only for its high antioxidant content but also for its popularity among the consumers. ROS is a major product of oxidative damage and may lead to cell and tissue damage upon overproduction. One possible mechanism that contributes to oxidative damage is the disruption of redox status [29] . During animal growth, free radicals are generated through enzymatic and non-enzymatic systems, which may reduce the antioxidant capacity and induce oxidative damage. In addition to health-promoting effects, natural antioxidants may reduce lipid and protein oxidation [30] . Antioxidants arise from different sources such as enzymes, large as well as small molecules, and hormones. In addition, foods such as tomato, garlic, ginger, carotenoids, and apple pomace contain many antioxidants such as vitamin C and E. Antioxidant enzymes prevent oxidative damage and reduce ROS level in the body [31] . Antioxidant enzymes, including SOD and GSH-Px, act as the first defense line during the process (A-D, serum; E-H, liver) . CS, gastric intubation in mice with 0.3 ml sterile saline for 28 days and intraperitoneal injection with 100 μg/kg BW of sterile saline at 29 day; CL, gastric intubation in mice with 0.3 ml sterile saline for 28 days and intraperitoneal injection with 100 μg/kg BW of LPS at 29 day; F2S, gastric intubation in mice with 0.3 ml F2 filtrate twice daily for 28 days and intraperitoneal injection with 100 μg/kg BW of sterile saline at 29 day; F2L, gastric intubation in mice with 0.3 ml F2 filtrate twice daily for 28 days and intraperitoneal injection with 100 μg/kg BW of LPS at 29 day. Superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), total antioxidant capacity (T-AOC), malondialdehyde (MDA).
https://doi.org/10.1371/journal.pone.0191762.g002 . GSH-Px usually participates in the scavenging of free radicals and lipid peroxidation [32] . T-AOC may prevent lipid peroxidation by blocking the peroxidation chain, thereby reducing ROS generation. Previous studies reported that apple exerts an antioxidative effect [33] [34] [35] and may enhance the antioxidant capacity of animals, which may inhibit the expression of inflammatory gene and impart protection against oxidant-induced cell damage and cytotoxicity [36, 37] . In the present study, the F2 filtrate increased the hepatic mitochondrial antioxidant activity in LPS-challenged mice. The ROS defense system in mitochondria includes enzymatic (MnSOD and GPx) and non-enzymatic (GSH) antioxidants. It has been found that apple may increase the activity of antioxidant enzymes and reduce oxidative damage [38, 39] . In the current study, antioxidant enzyme activities were consistent with their corresponding gene expressions. The activation of Nrf2 transcription factor and its nuclear repressor protein Keap1 is important in the regulation MnSOD and GSH-Px gene expression [40] . HO-1 encodes for heme oxygenase, a rate-limiting enzyme from the heme decomposition reaction, which may generate endogenous carbon monoxide, biliverdin, and ferrous ion Fe 2+ [41] . The gene Sirt1 and Sirt3 are crucial in mitochondrial ROS production, and may improve oxidative damage in cells, which in turn influences the expression of mitochondrial-related gene MnSOD and GSH-Px [42] . Thus, it can be suggested that the F2 filtrate may enhance the antioxidant capacity in mice through increased antioxidant-related enzyme activities and gene expression and elimination of excess of free radicals.
Mitochondria are vulnerable to the enrichment of polyunsaturated fatty acids in their membranes, which generates more than 95% of ROS in the body. Moderate levels of ROS may improve cell proliferation, development, and differentiation; however, excessive ROS may promote oxidative damage and influence the DNA and RNA functions [43] . Oxidative damage induced by excessive free radicals may damage the mitochondrial membrane, resulting in an increase in the concentration of MDA [44] . MDA is one of the final products of phospholipid peroxidation and may damage the cell membrane. Protein carbonyls are generated through the modification of protein molecules upon oxidation and serve as an important indicator of oxidative damage [45] . In the present study, LPS injection increased the level of ROS, MDA, and PC and decreased the level of MMP in mice hepatic mitochondria. Treatment with F2 filtrate may reduce oxidative damage by decreasing the level of hepatic mitochondrial ROS, Values are mean ± SEMs (n = 10). Mean of a variable without a common letter differ, P < 0.05. CS, gastric intubation in mice with 0.3 ml sterile saline for 28 days and intraperitoneal injection with 100 μg/kg BW of sterile saline at 29 day; CL, gastric intubation in mice with 0.3 ml sterile saline for 28 days and intraperitoneal injection with 100 μg/kg BW of LPS at 29 day; F2S, gastric intubation in mice with 0.3 ml F2 filtrate twice daily for 28 days and intraperitoneal injection with 100 μg/kg BW of sterile saline at 29 day; F2L, gastric intubation in mice with 0.3 ml F2 filtrate twice daily for 28 days and intraperitoneal injection with 100 μg/kg BW of LPS at 29 day. Nuclear factor erythroid 2-related factor 2 (Nrf2), heme oxygenase 1 (HO-1), manganese superoxide dismutase (MnSOD), glutathione peroxidase 1 (GSH-Px), NAD(P)H quinone oxidoreductase 1 (NQO1), sirtuin 1 (Sirt1), sirtuin 3 (Sirt3).
https://doi.org/10.1371/journal.pone.0191762.g004
In vitro antioxidant capacity of apple and its effects on lipopolysaccharide-induced oxidative damage in mice MDA, and PC and increasing the level of MMP in LPS-injected mice. Similar results have been reported in a previous study, wherein treatment with antioxidants protected the body from oxidative damage by removing the excess of free radicals [46] . Another study showed that antioxidant treatment reduced the LPS-mediated oxidative damage [47] . It is possible that F2 filtrate may scavenge the excess of free radicals, thereby reducing the oxidative damage induced by LPS.
In conclusion, treatment with F2 filtrate may reduce the oxidative damage in LPS-induced mice. This effect may be associated with an enhancement in the endogenous antioxidant capacity as well as improved expression of the antioxidant-related genes. Future studies should elucidate the molecular mechanism involved in the anti-oxidative effects of apples in LPSinduced mice model.
